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Abstract— The focus of this research is on the development
of a new approach for simulating vortex induced vibrations on
marine risers at high Reynolds numbers. This method considers
the span-wise variation of the lift and drag forces, and determines
the moment acting on the cylinder. The predicted motion then
consists of a rotational component to accompany the traditional
cross-stream and stream-wise translations normally associated
with vortex induced vibrations. This was accomplished by de-
scribing the motion of the cylinder using a set of springs and
dampers. A moment acting on the cylinder causes the springs on
one end to compress, and stretch on the other, thus rotating the
cylinder.
A Large Eddy Simulation (LES) computational fluid dynamics
code running on 16 3Ghz processors was used to calculate the
unsteady flow and at each time step the hydrodynamic forces
acting on the cylinder were calculated in a separate routine based
on the pressure distribution around the cylinder. This information
was then used to solve two second-order ordinary differential
equations, which gave the velocity and displacement of the
cylinder in cross-flow and rotational planes. This information was
transferred back to the code where the cylinder was displaced
and another cycle of calculations was started.
The simulated results showed that the correlation length was
higher for a cylinder subject to pure translation compared to a
cylinder free to translate and rotate in the cross-stream direction.
This has implications for current numerical and experimental
techniques since it has been traditionally assumed that the
flow around a circular cylinder becomes two-dimensional during
vortex induced vibrations. Consequently, empirical,numerical
and experimental models have generally only considered cross
stream and/or stream-wise translation. The extent to which the
experimental apparatus or harmonic model may have influenced
the behavior of the riser by eliminating span-wise amplitude
variation is important information that should be considered for
future riser designs.
I. INTRODUCTION
Vortex induced vibration is the most important dynamic
response of a deep water riser [1]. The flow of seawater
around these long cylinders is subject to vortex shedding.
This is an unsteady oscillatory phenomenon, which causes the
pressure distribution around the cylinders to fluctuate, resulting
in forces perpendicular to the flow and structure. These forces
excite forced oscillations of the cylinder known as vortex-
induced vibrations. When the frequency of VIV approaches
one of the natural frequencies of the structure, the amplitude of
vibration is enhanced through a resonant phenomenon known
as lock-in.
While vortex shedding on bluff bodies in the cross-stream
and stream-wise directions has been described in a number of
review papers over the past fifty years, the three-dimensional
nature of vortex shedding has received very little attention,
despite the general agreement that cylinder wakes are three-
dimensional for Reynolds numbers greater than 150 [2]. More-
over, the majority of three-dimensional numerical simulations
have been performed at Reynolds numbers much lower than
the industry relevant range of 105 − 107 .
The focus of this research is on the development of a new
approach for simulating vortex induced vibrations on marine
risers at high Reynolds numbers. This method considers the
span-wise variation of the lift and drag forces, and determines
the moment acting on the cylinder. The predicted motion then
consists of a rotational component to accompany the tradi-
tional cross-stream translation. The movement of the cylinder,
therefore, is no longer confined to a principal axis, which
may influence the prescribed motion. This is accomplished
by describing the motion of the cylinder using a set of springs
and dampers. A moment acting on the cylinder causes the
springs on one end to compress, and to stretch on the other,
thus rotating the cylinder.
One of the major difficulties encountered in the simulation
of this flow is the fact that the cylinder moves. In this research
a number of innovative features have been incorporated into
a Large Eddy Simulation (LES) computational fluid dynam-
ics code. These features include an adaptive unstructured
Cartesian grid, and a second-order Immersed Boundary (IB)
Method for boundary condition specification, which allow the
code to simulate flows with moving boundaries with relative
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ease. The code is used to calculate the unsteady flow and
at each time step the hydrodynamic forces acting on the
cylinder are calculated in a separate routine based on the
pressure distribution around the cylinder. This information is
then used to solve three second-order ordinary differential
equations, which give the velocity and displacement of the
cylinder in cross-flow, stream-wise, and rotational planes. This
information is transferred back to the code where the cylinder
is displaced and another cycle of calculations is started. The
advantage of the Immersed Boundary Method is that there is
no need to create a new mesh after the cylinder is displaced.
II. REVIEW OF PERTINENT LITERATURE
A. Stationary Cylinders
Reference [3] simulated the flow around a circular cylinder
for Re = 5 × 105, 1 × 106 and 2 × 106 using a Large Eddy
Simulation (LES) code. They observed large, non-periodic,
coherent structures in the wake of the cylinder which were
different from the typical Karman vortex street found above
and below critical Reynolds numbers. The simulated pressure
coefficient compared well with the experimental work [4].
The predicted Strouhal number agreed well with the work of
[5] for a rough cylinder, but under predicted the results of
[6]. Reference [6] studied the applicability of LES for high
Reynolds number flows and determined that grid-independent
results for three-dimensional, time-dependent flows were a
considerable challenge.
B. Moving Cylinders
Numerical simulations of vortex induced vibrations have
received considerable attention in recent years, but significant,
three-dimensional contributions are still very few. This is due,
in part, to the incredible complexity inherent in 3-dimensional
simulation of fluids at high Reynolds number, notwithstanding
the fluid structure interaction that is not fully understood.
Reference [7] outline four issues to be considered for any
numerical simulation: modeling of the flow field, modeling
of the structural vibration, modeling of the fluid-structure
interaction, and data analysis. While there are a number of
possible numerical methods for computational fluid dynamics,
it has been shown that LES and DNS hold the most promise
for understanding the wake-boundary layer interaction [8],
especially at high Reynolds numbers, and for moving geome-
tries. Limitations in computing power have prevented DNS
simulations for Reynolds numbers greater than around 5000
and even these are for the simplest problems, like channel flow.
It would seem then, that for the immediate future, the simu-
lation of vortex induced vibrations can best be accomplished
using large eddy simulation, and this is the focus of the work
outlined in this section. Reference [9] investigated the benefits
of 3D simulation using a 2D and 3D sub-grid scale LES model.
They forced a cylinder to oscillate in the transverse direction
at Ay/D = 0.11, Re = 2.4x104, and Vr = 5.4 (where
Ay is the amplitude of motion in the transverse direction,
D is the cylinder diameter, and Vr is the reduced velocity)
and compared the results. Their results showed a departure
from two-dimensionality a short distance behind the cylin-
der that translated into more elongated and slightly weaker
vortices, with a longer time averaged recirculation length.
A slight phase difference between the two simulations was
also observed and the 3D simulation showed better agreement
with the experimental work of [10] at equivalent reduced
velocity. Finally, the 3D simulation predicted smaller time
averaged drag coefficient and absolute pressure than the 2D
simulations and it was concluded that the deviations between
the simulations were attributed to three-dimensionality of the
wake.
A criticism of this type of simulation is the fact that it is
essentially a forced oscillation, having the same limitations
as the experimental equivalent. A simulation of self-excited
vortex induced vibration requires a model that couples the
cylinder motion and the fluid forcing function such that the
two are calculated simultaneously. Reference [11] simulated
self-excited VIV at Re = 8000 for a range of damping ratios
and natural frequencies using a 2D LES code and compared
their results to the work of [12]. The immediate concern with a
2D simulation is the assumption of two-dimensionality. Most
2D codes over-predict the drag coefficient for large Reynolds
numbers by 5-10% [11] and the results from 3D codes provide
better agreement with experimental data (confirmed by [9]).
Reference [11] argue that a 2D simulation has its merits since
the lift and drag coefficients are predicted more accurately
when VIV begins, because at this point, the wake correlation
length increases and the 3D influence of vortex shedding is
diminished. They do concede, however, that there is some
difference in the vortex shedding behavior for turbulent flows.
Perhaps the most important result from the study was the
absence of the 2P and 2S modes of vibration identified by
[13], [14] [15], and [12]. Reference [11] also concluded that a
direct comparison between forced and self excited oscillations
cannot be made, especially when self-excited oscillation is not
sinusoidal and phase angle is not constant.
Reference [16] assessed the validity of 2-D assumptions on
mean drag and flow induced forces for a stationary circular
cylinder with Re = 100 and aspect ratio of 16, using finite vol-
ume and lattice Boltzmann numerical techniques. They found
that the calculated mean drag and r.m.s. lift coefficients varied
greatly across the span and that vortex shedding changed from
parallel to oblique over the time range of 600 ≤ t ≤ 900. They
also found that lift and drag signals went through a series of
transitions for t ≤ 200, 200 ≤ t ≤ 500, and t ≥ 500, and
concluded that the variation partially explains why there is so
much scatter in the lift and drag coefficients in the literature.
In 2005, [17] performed a series of VIV experiments on a
hanging cylinder pin connected at one end, and free in the
other. The results showed a new mode of vortex shedding
near the pin in which a pair of co-rotating vortices were
formed. This mode was subsequently named the 2C mode of
vortex shedding, and illustrated that all of the shedding mode
shapes for cylinders undergoing VIV have may not have been
discovered.
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III. METHODOLOGY OF RESEARCH
The simulations were performed using in-house CFD soft-
ware, known as the Numerical Wind Tunnel (NWT), initially
developed at Dalhousie University and expanded at Memorial
University for the purpose of this research. The NWT is
a parallel processing tool used to solve three-dimensional
turbulent flows around bodies of generic geometry. The sim-
ulation domains are discretized by the Finite Volume Method
over unstructured anisotropic Cartesian staggered grids. Since
three-dimensional numerical simulations typically require a
large amount of data to be processed, the NWT has parallel
processing capabilities such that the computational grid is
automatically distributed among the available processors to op-
timize load balancing (see [18]). A multi-scale LES turbulence
model was used to model the small scales of flow and prevent
numerical divergence [19]. The incompressible Navier-Stokes
equations in tensor conservation form can be written as:
∂ui
∂t
+
∂(uiuj)
∂xj
= − ∂p
∂xi
+
1
Reτ
∂2(ui)
∂xj∂xj
+ fi, (1)
where ui is the Cartesian velocity component, p is the pressure,
and fi is the body force term. The turbulent Reynolds number
is given by Reτ = U0D/νeff , where νeff is the effective
kinematic viscosity, evaluated by the LES turbulence model
as:
νeff = C2S∆
2
√
SijSij , (2)
where Sij = 12
[
∂ui
∂xj
+ ∂uj∂xi
]
, and CS is the Smagorinsky
constant. The filter size ∆ was evaluated considering the
dimensions of the current and adjacent cells. The NWT solves
the pressure-velocity coupling by a fully implicit Fractional-
Step method. The linear system generated by the discretization
of the momentum equation is solved by a Gauss-Seidel algo-
rithm and the Poisson equation for the pressure correction field
is solved by the Conjugate Gradient algorithm.
A. Lift and Drag Forces
For cylindrical surfaces at moderate Reynolds numbers it
has been shown that the contribution to the lift and drag forces
from shear stresses is minimal [20]. For this work, the drag
and lift forces were pressure dominated and the contribution
of shear stress was therefore ignored. The resultant of the
pressure distribution was obtained by integrating the pressure
values over the cylinder surface, with the lift force on the
cylinder given by:
Fl (t) =
∫
p sinφdA (3)
and the lift coefficient:
Cl =
2FL (t)
ρV 20 A
. (4)
Similarly, the drag force and drag coefficient on a cylinder
are given by (5) and (6), respectively:
Fd (t) =
∫
p cosφdA, (5)
Fig. 1. Arbitrary two degree of freedom spring-mass-damper system
Cd =
2FD (t)
ρV 20 A
, (6)
where p represents the pressure contribution and Fd and Fl
represent the forces of drag and lift, respectively. The fluid
density, angle relative to the front stagnation point, free stream
velocity and characteristic area were given by ρ,φ, V0, and A,
respectively.
B. Accounting for the span-wise variation in forces along the
cylinder span.
In order to account for the force variation along the span
of a cylinder, a rotational component was introduced into
the system of VIV equations traditionally used to model
translation. The movement of the cylinder, therefore, is no
longer confined to the principal axis, which may influence the
prescribed motion.
For an arbitrary two-d.o.f. spring-mass-damper system, as
shown in Figure 1, the coupled equations of motion are defined
by
mx¨ = Fv − F1 − F2 (7)
Iθ¨ = Mv + F1a1 − F2a2, (8)
where Fv and Mv are the external force and moment on the
system, while F1 and F2 are the interactive forces between
the two d.o.f. spring-mass-damper system and a1, a2 are the
distances shown in Figure 1 .
In general, the equation of motion for a single spring-mass-
damper can be written as:
my¨ + cy˙ + ky = F (t) . (9)
For the purposes of VIV, the following non-dimensional
terms are introduced
ζ =
c
2
√
km
(10)
k
m
= (2πfn)
2 (11)
U∗ =
U∞
fnD
(12)
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m∗ =
m(
π
4 ρD
2
) (13)
CL (t) =
2FL (t)
ρU2∞A
, (14)
where ζ is the is the material damping ratio, k and c are the
spring and damper constants, respectively, and fn is the natural
frequency. The free-stream velocity, cylinder diameter, and
reduced velocity are given by U∞, D, and U∗, respectively.
The ratio of the cylinder mass (m) to the displaced fluid mass
(md = π4 ρD2) is known as the mass ratio, m∗.
Substituting (10) through (14) into (9) and simplifying
gives:
y¨ +
(
4πζ
U∗
)
y˙ +
(
2π
U∗
)2
y =
2
π
CL (t)
m∗
, (15)
which is recognized as a suitable equation for describing
the cross-stream response of a structure to vortex induced
vibrations. This equation may be written compactly as:
y¨ + c1y˙ + k1y =
2CL (t)
πm∗
, (16)
where c1 =
(
4πζ
U∗
)
and k1 =
(
2π
U∗
)2
.
For multiple spring-mass-damper systems, (16) can be writ-
ten as:
my¨ +
∑
ci
∑
y˙i + kiyi = F (17)
and equivalently,
I¨θ −
∑
ciy˙iai −
∑
kiyiai = M. (18)
Returning to Figure 1, the free body diagram is shown in
Figure 2 and the equations of motion for the cross-stream and
rotational directions are:
my¨ + c1y˙1 + k1y1 + c2y˙2 + k2y2 = F (19)
Iθ¨ − c1y˙1a1 − k1y1a1 + c2y˙2a2 + k2y2a2 = M. (20)
Substituting y1 = y − a1 sin θ and y2 = y + a2 sin θ and
assuming small amplitudes of oscillation (sin θ  θ), (19) and
(20) may be written as
my¨ + c1
(
y˙ − a1θ˙
)
+ k1 (y˙ − a1θ) +
c2
(
y˙ + a2θ˙
)
+ k2 (y˙ + a2θ) = F (21)
Iθ¨ − c1
(
y˙ − a1θ˙
)
a1 − k1 (y˙ − a1θ) a1 +
c2
(
y˙ + a2θ˙
)
a2 + k2 (y˙ + a2θ) a2 = M. (22)
Equation (22) may be uncoupled by noting that k1a1 =
k2a2and c1a1 = c2a2 (i.e. a = Length/2):
Fig. 2. Free body diagram for multiple spring-mass-damper system
my¨ + 2cy˙ − 2ky = F (23)
Iθ¨ + (c1 + c2)a2θ˙ + (k1 + k2)a2θ = M. (24)
This approach uses two springs and two dampers, each
having coefficients that are half as large as the coefficients
traditionally applied to risers. In terms of the traditional
coefficients, (23) and (24) can then be written as:
my¨ + cy˙ − ky = F (25)
Iθ¨ + ca2θ˙ + ka2θ = M. (26)
Noting that (25) and (16) are equivalent, (26) is expanded
by replacing the constants c and k with the well-known riser
parameters and substituting the equation for the moment of
inertia of a cylinder rotated about its cross-sectional axis:
I =
(
mr2
4
+
mL2
12
)
. (27)
For most cases L2  r2, and (27) can be simplified to
I ≈ mL
2
12
. (28)
In a manner analogous to the mass ratio, the inertia ratio
is defined as the ratio of the body inertia to the inertia of the
displaced fluid, and is given by:
I∗ =
I
Id
. (29)
The inertia term can therefore be replaced by
I =
mdL
2
12
I∗. (30)
The moment can also be nondimensionalized by the moment
coefficient, Cm:
M =
(
1
2
ρV 2∞L
2
)
Cm. (31)
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Fig. 3. Calculation domain
The rotational response of a structure to vortex induced
vibrations is obtained by substituting (30), (31) and the non-
dimensional terms previously described into (26) and simpli-
fying:
θ¨ +
12 (πζfn)m∗
I∗
θ˙ +
12 (πfn)
2
m∗
I∗
θ =
24
πI∗
Cm. (32)
Together with the rotational response given by (32), the
expression for the cross-stream response is given by the
following equation:
y¨ +
(
4πζ
U∗
)
y˙ +
(
2π
U∗
)2
y =
2
π
CL (t)
m∗
. (33)
These equations were solved at each time-step using 4th
order Runge-Kutta routines. The location of the immersed
boundary was then updated with the resultant displacements
and the Cartesian mesh was refined to reflect the new location
of the boundary. The LES then continued and the predicted
lift and drag forces were sent to the Runge-Kutta routines and
the cycle continued until the target number of timesteps was
reached.
IV. RESULTS AT Re = 105
The calculation domain for each of the simulations, shown
in Figure 3, was set to 30 cylinder diameters (30D) in the
streamwise, X-direction, and 30D in the cross-stream, Z-
direction. The span-wise length was set to be 3D, sufficiently
large to capture significantly large three-dimensional span-
wise wake effects [21]. The cylinder was located at the centre
of the X and Z planes, and it’s axis spanned the extent of the
domain in the Y direction. Periodic boundary conditions were
imposed in the span-wise direction, and slip boundaries were
imposed in the cross-stream direction. A uniform inlet velocity
of 1 m/s was specified at the inlet and the downstream bound-
ary was prescribed by a convective outlet. Furthermore, the
simulations were each performed using 16 3GHz processors
in parallel.
The blockage ratio can be defined as the ratio of the cylinder
diameter to the height of the test section in the cross-stream
direction and the blockage effect is said to be negligible if this
ratio is less than 3-5%. Reference [22] has shown that larger
blockage ratios tend to increase the separation angle and drag
coefficient, and decrease the size of vortices. For this reason,
all of the simulations in this work maintained a blockage ratio
below 5%.
A. Grid Independence
The computational expense of three-dimensional simula-
tions at high Reynolds numbers is extremely (and sometimes
prohibitively) high, due to the level of mesh refinement re-
quired. This, coupled with limited computer resources and
time restrictions did not allow for a traditional grid inde-
pendence study to be performed for these simulations. A
new approach was therefore required to establish the grid
sensitivity. It was decided to perform a grid independence
study over three grids that were only one cell thick in the
span-wise direction (essentially, a two-dimensional grid), but
otherwise identical to the domain shown in Figure 3. Rather
than tracking changes in the results against the number of
cells in the mesh, the grid adaptation criterion was chosen
as the dependent variable in the grid refinement study. This
parameter specifies the tolerance for which the error across a
given cell calls the automatic mesh refinement routine. The
mesh density may be controlled by adjusting the value of
the the grid adaptation criterion and a grid refinement study
can therefore by undertaken by adjusting its value to produce
coarse and dense meshes. Assuming that velocity fluctuations
in the flow-field are largest in the wake of the cylinder, the
domain in Figure 3 should also be grid independent for the
same value of the grid adaptation criterion.
Three different grids (and hence grid adaptation criteria)
were used to obtain grid independent results. Each simulation
was started from rest and carried out for 30 dimensionless
time-steps in order for the wake and vortex street to become
well established. The average values of Cd and root-mean-
square of Cl were calculated as well as the Strouhal num-
ber. The grid sensitivity study showed that the simulations
approached grid independent results for these parameters using
an adaptation criteria of 4E − 05. The domain shown in
Figure 3 was therefore assumed to be grid independent for
an adaptation criterion of 4E-05. Figures 4 and 5 show the
mesh near the cylinder. This mesh, consisting of roughly one
million cells, has been automatically refined according to the
grid independence study, and shows that the grid density is
greater in the wake of the cylinder than along the span. This
means that assuming the refinement criterion was sufficient in
the wake (as determined by the grid independence study), the
variation in the span-wise direction was sufficiently refined as
well.
B. Stationary Cylinder
Figure 6 shows two cycles of the lift coefficient, along
with the drag coefficient for this flow. The predicted r.m.s
lift coefficient for the stationary cylinder was computed to be
Cl,rms = 0.54, which is within 2% of the experimental work
of [23] with Cl,rms = 0.55. The average drag coefficient for
the stationary cylinder was Cd = 1.15, which is within 4% of
the experimental measurements of [24] and [6], who obtained
time averaged drag coefficients of Cd = 1.20. Furthermore,
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Fig. 4. Refined mesh around cylinder for flow past stationary cylinder at
Re = 105
Fig. 5. Refined mesh along span for flow past stationary cylinder at Re =
105
the predicted Strouhal number of St = 0.183 is also within
4% of the simulated results of [21] with St = 0.190, and
2% of empirical result of St = 0.186 obtained by [25]. The
inset of Figure 6 shows the amplitude spectrum of lift, and
confirms this value with a clear resonant peak at St = 0.183.
Plots of span-wise vorticity at three different locations along
the span of the cylinder are shown in Figures 7, 8 and 9. The
vortex shedding pattern is such that in a cycle two vortices
are released, one from the bottom and another from the top.
This shedding behavior can then be identified as 2S, namely
two single vortices. Although the shedding pattern remains
2S along the span of the cylinder, the nature and timing of
shed vortices varies considerably. This can perhaps be seen
most effectively in the three-dimensional iso-surface plot of
span-wise vorticity shown in Figure 10. It is clear from the
figure that vortices generated inside the riser boundary layer
are shed downstream and form coherent structures in the 2S
pattern. The pattern persists along the span and an increasingly
Fig. 6. Coefficients of lift and drag for stationary cylinder at Re = 105
Fig. 7. Vorticity contours for stationary cylinder at Re = 105, and y = 0.5
Fig. 8. Vorticity contours for stationary cylinder at Re = 105, and y = 1.5
three-dimensional flow field develops downstream. The flow
is not uniform along the span of the cylinder, which indicates
that the flow cannot be assumed to be two-dimensional. An
effective way of quantifying the degree of three-dimensionality
in a flow-field is by examining the spatial correlation along the
span. The correlation coefficient, γij , indicates the strength
and direction of a linear relationship between two random
variables, and is given by [16]:
γij(τ) =
∑
t {[Cl (Yi, t + τ)] [Cl (Yj , t)]}√∑
t [Cl (Yi, t + τ)]
2
√∑
t [Cl (Yj , t)]
2
, (34)
where Yi represents the spatial position along the span and
τ represents the time delay between samples. In general
terms, correlation refers to the departure of two variables from
independence, and a value of γij equal to unity indicates
that the variables are perfectly correlated. The coefficient γij
between the mid-span (Y = 0) and another location along the
span at zero time delay (τ = 0) is shown in Figure 11. The
figure shows that the flow is most correlated near the mid-span,
and becomes less and less correlated towards the ends of the
cylinder. Furthermore, the flow is shown to be anti-symmetric
about the mid-span.
Another measure of the three-dimensionality of a field is
the span-wise correlation length, Λ, scaled by the cylinder
diameter. There exists a correlation length over which the the
force fluctuations in the wake may be described as perfectly
Fig. 9. Vorticity contours for stationary cylinder at Re = 105, and y = 2.5
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Fig. 10. Instantaneous span-wise vorticity iso-surfaces for flow past stationary
cylinder at Re = 105. Iso-surfaces +2.0 and −2.0
Fig. 11. Cross correlation coefficient along span of stationary cylinder at
Re = 105
correlated. Knowledge of Λ also has significance for vortex-
induced vibration modeling since many empirical models use
it as a modeling parameter, and it is important to identify the
span-wise computational dimension to use in 3-D CFD codes
to capture significant flow features. The correlation length can
be computed by integrating the correlation coefficient over the
cylinder length [26]:
Λ =
∫ L/2
−L/2
γij(z)dz. (35)
The correlation length for this field was computed to be 2.7,
which indicates that the force fluctuations are highly correlated
for roughly 90% of the cylinder length. This value compares
reasonably well with the empirical formulas presented by [25]:
Λ = 2.6
(
Re
2.4× 105
)−0.2
= 3.1
TABLE I
VIV PARAMETERS FOR CYLINDER TRANSLATING IN CROSS-STREAM
DIRECTION
Parameter Trans Trans+rot
Re 105 105
U∗ 6.055 6.055
ζ∗ 0.005 0.005
m∗ 2.65 2.65
I∗ n/a 2.65
V. MOVING CYLINDER
The periodic flow-field produced by the stationary cylinder
simulation was used as a starting point in the VIV simulation,
and the moment induced by the lift forces, as well as the
resultant lift and drag forces on the cylinder were input into
the Runge-Kutta routines described previously. The cylinder
position was then updated with the cross-stream displacements
and rotational angle, and the flow-field was solved by the
NWT. At each subsequent time step, the moving cylinder
routine was re-invoked and the LES flow simulation for the
displaced cylinder was repeated until the target number of time
steps was achieved. The simulated results presented in this
chapter required considerable computational resources which
precluded a long time statistical analysis. The results, therefore
concentrate primarily on the behavior of the cylinder at the
onset of vortex induced vibrations, and have been performed
mainly using a 16 processor (3.6 GHz) PC cluster located
at the Centre for Marine Vessel Development and Research
at Dalhousie. Towards the end of this research the Atlantic
Computational Excellence Network (ACEnet) was also used to
perform simulations using 16, 2.6 GHz processors. The case of
a cylinder undergoing vortex induced vibrations in the cross-
stream direction was first investigated to determine the flow
characteristics and establish a baseline for the remaining tests,
which allowed the cylinder to translate and rotate in plane
parallel to the cross-stream direction. The differences between
the simulations, were therefore attributed to the rotation caused
by a variable amplitude of vibration along the span of the
cylinder.
In order to ensure that all of the moving cylinder simulations
started with a well established flow field, and that each had a
common set of initial conditions, all of the moving cylinder
simulations presented in this chapter began at the end of the
periodic regime of the stationary cylinder. Table I summarizes
the VIV parameters used in these simulations.
A. Cylinder Translating in Cross-stream Direction
The simulation of vortex induced vibrations on a cylinder
translating in the cross-stream direction is presented in this
section in order to establish a baseline against which the effects
of rotation may be measured.
For the present case of a cylinder translating in the cross-
stream direction, there is no rotational component, and hence
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Fig. 12. Velocity vectors at y=0.5 for cylinder at Re = 105 oscillating in
stream-wise direction
Fig. 13. Velocity vectors at y=1.5 for cylinder at Re = 105 oscillating in
stream-wise direction
I∗ is not significant. The three-dimensional characteristics of
this flow near the wake of the cylinder at the mid-span and
0.5D from each end are shown in the velocity vector plots
in Figures 12, 13, and 14. No clear vortex shedding pattern is
obvious at the onset of motion, and the figures look remarkably
similar to each other along the span of the cylinder. This
indicates that the wake of the cylinder is less three-dimensional
than the case of the stationary cylinder. Three-dimensional
iso-surfaces of velocity for this flow, presented in Figure 15,
show that while there is some variation along the span of
the cylinder, the flow is essentially behaving similarly along
the cylinder. To quantify the degree of three-dimensionality,
the correlation coefficients (γij) were computed, and are
presented in Figure 16. Values of γij near unity indicate that
the lift coefficient is highly correlated along the entire span
of the cylinder. Compared with the results presented for the
stationary cylinder, it is clear that the forces along the cylinder
span become more correlated when the cylinder is allowed
to move in the cross-flow direction. This is an important
result, because it supports the commonly held notion that the
flow becomes two-dimensional once the cylinder is allowed
Fig. 14. Velocity vectors at y=2.5 for cylinder at Re = 105 oscillating in
stream-wise direction
Fig. 15. Instantaneous iso-surfaces stream-wise velocity for flow past a
moving cylinder. Iso-surfaces +0.5,0.2 and -0.5,-0.2
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Fig. 16. Cross correlation coefficient along span of cylinder translating in
cross-stream direction at Re = 105
to respond to it’s shed vortices. Perhaps the uniform motion
in the direction of the force organizes the wake and governs
the flow. But the question remains as to whether this behavior
will continue as the cylinder is allowed to rotate and translate
in the same plane.
The correlation length, Λ , for this flow-field was computed
to be 2.98, which indicates that the force fluctuations in the
wake are perfectly correlated for essentially the entire length of
the 3m cylinder. This value is higher than Λ = 2.7 computed
for the stationary cylinder, thus providing further evidence of
two-dimensionality in the flow field once the cylinder moves.
B. Cylinder Translating and Rotating in Cross-stream Direc-
tion
The simulation of vortex induced vibrations on a cylinder
free to translate and rotate with it’s inertia ratio equal to it’s
mass ratio is presented in this section. This is a realistic value
of the inertia ratio for a uniform cylinder, since if the mass is
uniformly distributed along the span it follows that:
I∗ =
I
Id
=
(
mL2
12
)
(mdL2)
12
=
m
md
= m∗. (36)
The three-dimensional characteristics of this flow near the
wake of the cylinder at the mid-span and 0.5D from each
end are shown in the velocity vector plots in Figures 17, 18
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Fig. 17. Velocity vectors for cylinder at Re = 105 and I∗ = m∗, at y =
0.5
Fig. 18. Velocity vectors for cylinder at Re = 105 and I∗ = m∗, at y =
1.5
and 19. The flow pattern varies along the span, and shows a
small pair of co-rotating vortices at the mid-span, and hints of
it near the extremities. In the literature, this is known as the
2C pattern and has been identified by [17] in experiments on
a cylinder pivoting about a pin connection at the top of the
span at Re ≈ 1200.
Three-dimensional iso-surfaces of velocity for this flow,
presented in Figure 20, show that there is variation along the
span of the cylinder.
The correlation coefficients along the span of the cylinder
with I∗ = m∗ are presented in Figure 21. There is a narrow
region of highly correlated flow at the cylinder mid-span
and less correlation towards the ends of the cylinder. The
correlation length, Λ , for this flow-field was computed to be
2.6, which indicates that the force fluctuations in the wake are
Fig. 19. Velocity vectors for cylinder at Re = 105 and I∗ = m∗, at y =
2.5
Fig. 20. Instantaneous iso-surfaces of stream-wise velocity for flow past a
moving cylinder with I∗ = m∗. Iso-surfaces +0.5,0.2 and −0.5,−0.2
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Fig. 21. Cross correlation coefficient along span of cylinder translating and
rotating in cross-stream direction at Re = 105
perfectly correlated for about eighty-five percent of the length
of the cylinder. This value is only slightly lower than Λ = 2.7
computed for the stationary cylinder, thus indicating that for
cylinders with I∗ = m∗ the onset of vortex induced vibration
does not significantly affect the magnitude of the correlation
length, although it clearly alters the flow behavior.
VI. CONCLUSIONS
A. Stationary Cylinder
The flow around a low aspect ratio cylinder at Re = 105
was numerically simulated using LES. One of the objectives
of the simulation was to investigate the presence of three-
dimensional flow over the span of this cylinder, and the
computational results lead to the following conclusions:
1) The simulation was assumed to be grid independent
using an adaptation criterion of cadapt = 4E − 05 and
the calculated values of Cd,Cl and St are consistent with
those reported in the literature.
2) The flow is most correlated near the mid-span and
becomes less correlated near the ends of the cylinder.
Furthermore, the flow is shown to be anti-symmetric
about the mid-span.
3) The correlation length for this flow was computed to be
2.7, which compares reasonably well with the empirical
formulas reported in the literature at this Reynolds
number.
B. Moving Cylinder
The behavior of a low aspect ratio cylinder experiencing
vortex induced vibrations at Re = 105 was numerically
simulated using LES. The simulations, performed for the case
of a cylinder free to translate in the cross-stream direction,
and also for a cylinder free to translate and rotate in a plane
parallel to the cross-stream led to the following conclusions:
1) The correlation length, Λ , for the cylinder undergoing
pure translation in the cross-stream direction was com-
puted to be 3.0. This value represents an increase in
correlation length compared to the value of Λ = 2.7
obtained for the stationary cylinder, and indicates that
the flow over the span of the 3m long cylinder becomes
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perfectly correlated at the onset of vortex induced vibra-
tions.
2) The correlation length, Λ , for the cylinder free to rotate
and translate in a plane parallel to the cross-stream
direction was computed to be 2.6. This value is only
slightly lower than Λ = 2.7 computed for the stationary
cylinder, thus indicating that for cylinders with I∗ = m∗
the onset of vortex induced vibration does not affect the
magnitude of the correlation length to a large degree.
3) The assumption of two-dimensionality is only valid
for the case of a cylinder undergoing pure translation.
Models that restrict the motion to simple translation may
govern the flow regime and not accurately reflect the
behavior of an object under less rigid constraints. This
has implications for current numerical and experimental
techniques since these models generally only allow for
cross stream and/or stream-wise motion. The extent to
which the experimental apparatus or harmonic model
may influence the behavior of the riser by eliminating
span-wise amplitude variation is important information
that should be considered for future riser designs.
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